is a key regulator of 5-HT signaling and is a major target for antidepressant medications and psychostimulants. In recent years, studies of natural and engineered genetic variation in SERT have provided new opportunities to understand structural dimensions of drug interactions and regulation of the transporter, to explore 5-HT contributions to antidepressant action, and to assess the impact of SERT-mediated 5-HT contributions to neuropsychiatric disorders. Here we review three examples from our recent studies where genetic changes in SERT, identified or engineered, have led to new models, findings, and theories that cast light on new dimensions of 5-HT action in the CNS and periphery. First, we review our work to identify specific residues through which SERT recognizes antagonists, and the conversion of this knowledge to the creation of mice lacking high-affinity antidepressant and cocaine sensitivity. Second, we discuss our studies of functional coding variation in SERT that exists in commonly used strains of inbred mice, and how this variation is beginning to reveal novel 5-HT-associated phenotypes. Third, we review our identification and functional characterization of multiple, hyperactive SERT coding variants in subjects with autism. Each of these activities has driven the development of new model systems that can be further exploited to understand the contribution of 5-HT signaling to risk for neuropsychiatric disorders and their treatment.
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a new tool to dissect the contributions of serotonin signaling for SSRI and cocaine action 30 Presynaptic, 5-hydroxytryptamine (5-HT, serotonin) transporters (SERTs, SLC6A4) mediate the clearance and reuptake of 5-HT during synaptic transmission (Ramamoorthy et al., 1993a) . SERTs are highly expressed by midbrain raphe nuclei serotonergic neurons, beginning at the earliest stages of 5-HT neuron differentiation (Schroeter and Blakely, 1996; Hansson et al., 1998; Hendricks et al., 2003; Wylie et al., 2010) . Although restricted in expression to 5-HT neurons in the adult, SERTs are expressed by nonserotonergic neurons during development (Hansson et al., 1998 (Hansson et al., , 1999 Gaspar et al., 2003) . Along with expression by the placenta (Ramamoorthy et al., 1993b) , these latter sites are thought to coordinate the availability of 5-HT to act in the modulation of CNS axon guidance and synapse formation (Bonnin et al., 2007) . Besides the placenta, SERTs are expressed in platelets (Mercado and Kilic, 2010) , lymphocytes (Barkan et al., 2004) , pancreatic beta cells (Smith et al., 1999) , pulmonary epithelium (Bhat and Block, 1990) , bone (Bliziotes et al., 2001) , and the gut mucosa (Chen et al., 2001) . Whereas the role of SERT in restricting access of targets to 5-HT and in acquiring 5-HT for release has been well-studied, the acquisition of 5-HT for transglutaminase II-catalyzed covalent attachment to small GTP-binding proteins that can modulate the fusion of secretory granules (Walther et al., 2003) , and 5-HT generated oxidative stress and stress-activated MAPK/Rho kinases have emerged recently as yet other mechanisms by which SERT influences physiology (Guilluy et al., 2009; Liu et al., 2011) . Together, these (and likely other) actions of SERT reveal a broader range of physiological actions of the transporter in the brain and periphery than previously understood and that will require new approaches and models to clarify. Inhibitors of SERT, including the 5-HT selective reuptake inhibitors (SSRIs), are well known for their use in the treatment of anxiety disorders, depression, and obsessive-compulsive disorders. Naturally, therefore, polymorphisms in the SERT gene have been extensively studied in humans as potential risk determinants of neuropsychiatric disorders (for detailed reviews, see Lesch et al., 1996; Hahn and Blakely, 2007) . Early studies identified two common polymorphisms in the promoter region (5-HTTLPR) and intron 2 (VNTR-2) of SLC6A4 (Lesch et al., 1996; Fiskerstrand et al., 1999) . The 5-HTTLPR, a polymorphic, repeat structure 5 = of the sites of initiation for SERT RNA transcription. Initial studies indicated an association of the 5-HTTLPR with anxiety traits in nonclinical subjects and, more recently, in risk for depression and suicide, particularly in the context of early adverse life events (Caspi et al., 2003; Wankerl et al., 2010) . These studies, however, have not met with consistent replication, though most recent analyses across larger number of studies where consistency of studies can be maintained, point to significant effects when specific components of mood disorders are assessed (Blakely and Veenstra-Vanderweele, 2011) .
As common, genetic variation such as the 5-HTTLPR is often found in noncoding or complex regulatory regions of genes, it can be difficult to establish mechanistic contributions to disease risk. On the other hand, SLC6A4 coding variation is rare, with the most common variation (Gly56Ala in the SERT N-terminus) exhibiting an allele frequency generally under 1% (Glatt et al., 2001; Sutcliffe et al., 2005) . Though the low frequency of these structural changes in SERT protein might appear seemingly irrelevant to population disease risk, they can be quite functionally penetrant , and are easier to study in vitro since SERT activity and regulation can be reconstituted following heterologous expression. Such efforts can permit the identification of broader mechanisms whose compromised control of SERT expression, activity, and regulation could phenocopy SERT-influenced disorders and even identify new targets within which more common gene variation can contribute more broadly to disease risk (Veenstra-Vanderweele and Blakely, in press). Indeed, in several cases, familial segregation of rare SERT variants has provided strong support for a contribution of disrupted 5-HT signaling neuropsychiatric disorders, including OCD (Ozaki et al., 2003) and autism Prasad et al., 2009) . These studies draw attention to a network of SERTregulatory signaling pathways that may bear additional disease-associated gene variation, or be modified by epigenetic influences, such as early-life adverse events. Although these alterations can institute limits to the behavioral flexibility needed to deal with everyday life, their origins in perturbed 5-HT signaling suggest opportunities for pharmacological treatments that, properly targeted, can provide relief from many disabling symptoms.
The translocation of 5-HT across the plasma membrane by SERT is a multi-step process that involves the binding of neurotransmitter along with Na ϩ /Cl Ϫ , followed by protein conformational changes, the intracellular release of substrates, and the binding of K ϩ to drive return of the unloaded carrier for subsequent rounds of transport. Together, these steps energize the 5-HT transport mechanism and provide multiple steps for regulation of SERT activity. But exactly where critical events, such as 5-HT binding, internal occlusion, and membrane transit, occur in SERT have only recently begun to emerge. Since the cloning of SERT cDNAs two decades ago (Ramamoorthy et al., 1993a) , many mutation studies have been conducted with the hope of pinpointing key features of substrate and antagonist binding, as well as determinants of transporter regulation. The high-resolution crystal structure of a bacterial SLC6 transporter, LeuT Aa (Yamashita et al., 2005; Singh et al., 2008) , provided a critical framework on which the effects of such could be appreciated in molecular terms. Unfortunately LeuT Aa lacks key cytoplasmic sequences (most of the N-and C-termini and cytoplasmic loops are either unordered or absent) that have been implicated in transporter regulation. As we will discuss later in the text, the LeuT Aa crystal structure has validated our hypotheses concerning the location of 5-HT and highaffinity antagonist-binding sites in SERT and encouraged further exploration of their manipulation in vivo.
Structural determinants of SERT regulation remain to be fully elucidated, though a combination of engineered and natural gene variation has provided remarkable opportunities to elucidate opportunities for drug development as well as to elucidate normal regulatory networks where disruption can support neuropsychiatric diseases associated with compromised 5-HT signaling. Neuropsychiatric diseases are polygenic in nature and feature many opportunities for environmental triggers or modulation. Thus, though the connections between SERT dysfunction and disorders such as depression and autism continue to be explored, deciphering the exact roles of SERT requires a more nuanced understanding of (1) the transporter's interactions with other gene products, (2) a careful dissection of where among the many sites of SERT expression such interactions are relevant, and (3) whether these interactions are most critical during early life or in the adult (or both). In this context, the discussions of our efforts to examine the impact of natural and engineered genetic variation in this review should be seen not as a comprehensive review of the literature, but more as an outline of possible new entry points and tools that can assist us in understanding the complex roles of SERT and 5-HT in human behavior and drug action.
IDENTIFICATION OF KEY SITES FOR SSRI INTERACTIONS AT SERT: Tyr95 AND Ile172
Before the structural insights afforded by the LeuT Aa structure, we developed a new approach to probe SERT structure, species-scanning mutagenesis (Barker et al., 1998; Adkins et al., 2001; Henry et al., 2006b) , whereby amino acid sequences are sequentially interconverted between SERT species variants, to search for sites of high-affinity interaction of 5-HT and SSRIs. Key to this effort is the fact that many SSRIs, including citalopram and fluoxetine, as well as 5-HT analogs (but not 5-HT itself) display substantial differences in potency for inhibition of 5-HT uptake at human and Drosophila melanogaster SERT. By switching amino acid residues in human SERT to their fly counterparts (and vice versa) in regions of the transporter implicated by chimera studies in 5-HT or SSRI recognition, we identified Tyr95 and Ile172 in human SERT as two major structural determinants for binding of many antidepressant medications, as well as cocaine (Barker et al., 1998; Henry et al., 2006b) . With the elucidation of the LeuT Aa structure, the location of Tyr95 and Ile172 in transmembrane domain (TM) 1 and 3, respectively, was revealed to correspond to sites on opposite sides of the leucinebinding site (Yamashita et al., 2005) . By inference from homology models, these residues could then be predicted to lie on opposite sides of the binding site for 5-HT in SERT (Henry et al., 2006a) (Fig. 1) .
Nearly identical losses in antagonist potency were seen by substitution of Ile172 with the corresponding fly residue (Met) at mouse SERT (Henry et al., 2006b ). The reverse mutation, where a human residue is introduced into the Drosophila SERT at the corresponding position to Ile172 produced an increase in inhibitor sensitivity (Henry et al., 2006b ). Interestingly, potency of the SSRI paroxetine was unaffected by the Ile172Met mutation, as was the apparent affinity of 5-HT itself (5-HT analogs do differentially respond to the mutation; Adkins et al., 2001) . We speculate that either paroxetine binds to a site outside of the substrate-binding site or that it occludes the substratebinding site in an orientation that does not utilize the hydrophobic interactions afforded by the Ile172 side chain. The insensitivity of 5-HT to the Ile172Met mutation is consistent with a requirement for more bulky 5-HT analogs that can mimic the larger size of an SSRI to interact with Tyr95.
Since the initial study, a series of structures with bound SSRIs and TCAs have been reported (Singh et al., 2007; Zhou et al., 2007 Zhou et al., , 2009 ). These studies revealed that SERT antagonists bind above, and stabilize, an extracellular gate in LeuT Aa , thus effectively prohibiting substrate access and transport in a noncompetitive mechanism. However, the interactions of most SERT antagonists are competitive in nature and, as inhibitory potency and binding affinity are profoundly reduced by Tyr95 and Ile172 mutations that lie much deeper in the membrane, it is likely that studies with the bacterial transporters point more to potential, lower affinity contacts for SSRIs and cocaine, or are only relevant for the binding of these agents to bacterial SLC6 proteins (Henry et al., 2007) . Recently, Javitch and coworkers provided evidence of a second substratebinding site in LeuT Aa and mammalian dopamine (DA) transporters lying in the general area of the external SSRI site (Shan et al., 2011; Zhao et al., 2011) . These findings have not been without controversy (Piscitelli et al., 2010) , but merits future consideration for its potential importance in allosteric drug development. Of course, neither the sites around the substrate-binding pocket, nor the outer gate sites, might be relevant in vivo, but as we discuss later in the text, this does not appear to be the case.
CREATION AND CHARACTERIZATION OF THE SERT Ile172Met MOUSE: A NEW TOOL TO DISSECT THE CONTRIBUTIONS OF SEROTONIN SIGNALING FOR SSRI AND COCAINE ACTION
The discrepancy between the delay (3-6 weeks) in the clinical efficacy of antidepressants, as compared with their actions (within minutes) in blocking brain transporters, has been clear to psychopharmacologists and clinicians for decades. This distinction suggests that other mechanisms besides, or beyond, the blockade of monoamine reuptake are required for the treatment of depression (Duman and Monteggia, 2006; Baudry et al., 2010) . Indeed, SSRIs have been found to exert their actions on many other targets besides SERT (Lenkey et al., 2006; Levkovitz et al., 2007; Keiser et al., 2009; Rainey et al., 2010) , and there are many CNS targets that we do not even yet know how to assay. Certainly, long-term plasticities arise in gene (Sillaber et al., 2008) and protein (Abumaria et al., 2007) expression following chronic antidepressant treatments that are not evident with short-term administration.
The relative lack of specificity of some SERT antagonists, such as cocaine (Torres et al., 2003) , presents further challenges in attributing specific actions to one or another monoamine system. Although much evidence supports the key role of altered DA signaling in the reinforcing and addictive actions of cocaine, genetic loss of DA transporters (DATs) in mice does not eliminate cocaineconditioned place preference (Rocha et al., 1998) , unlike a DAT/SERT double KO (Sora et al., 2001) . These data are difficult to link to physiological aspects of DA and 5-HT signaling given the significant compensatory changes that arise with the constitutive DAT and SERT KOs. Nonetheless, these findings remind us of functional interactions between 5-HT and DA systems (Carlsson et al., 2007; Navailles and De Deurwaerdere, 2010; Larsen et al., 2011) , particularly given the higher affinity that SERT exhibits for cocaine as compared with DAT (Ritz et al., 1987; Kozikowski et al., 1998) .
The uncertainties noted previously regarding the actions of antidepressants and psychostimulants encouraged us to develop an animal model that can compromise drug action at SERT in the absence of compensatory changes in 5-HT signaling (Murphy et al., 2008) . Our discovery of sites that dictate high-affinity recognition at SERT provided the opportunity to achieve this goal. As neither 5-HT recognition nor 5-HT transport is compromised by the Ile172Met mutation in either human or mouse SERT, we hypothesized that a substitution of genomic sequence that establishes the Met172 substitution in "knock-in" mice could result in an animal with normal 5-HT signaling, yet compromised SERT-mediated drug sensitivities. Initial ex vivo and in vivo pharmacological assessments showed complete agreement with our kinetic and pharmacological observations using transfected cell models (Fig. 2) .
Synaptosomes prepared from the Met172 mice display significant reductions in potency for the SSRIs fluoxetine and citalopram (but not for paroxetine as expected), as well as a loss of sensitivity to cocaine and cocaine analogs, such as RTI-55. In contrast, SERT protein levels, SERT 5-HT transport kinetics, and the affinity of 5-HT at SERT appear to be identical to that of the wild-type SERT. Additionally, brain 5-HT levels are equivalent, comparing mutant and wild-type animals. Finally, in vitro brain slice studies and in vivo amperometry experiments demonstrate a loss of antidepressant action in producing 5HT 1A autoreceptor inhibition of raphe firing and/or reductions in SERTdependent 5-HT clearance, respectively.
The behavioral impact of acute treatment with antidepressants can be assessed in the tail suspension and forced-swim tests (TST and FST, respectively). The welldocumented strain differences in responses to SSRIs (Jacobson and Cryan, 2007) provide challenges to studies of the initial line of SERT Met172 mice as the 129S6/S4 background used to generate these mice displays an opposite response to SSRIs than most mouse strains. Although SERT proteins exhibit a two amino acid difference in their structure, comparing 129S6 lines with some other commonly used strains (such as C57BL/6) as noted below, the difference in behavioral response to SSRIs may also derive from other elements of the 129S6/S4 background. Regardless, in the FST, SERT Met172 mice display a significant loss in citalopram and fluoxetine sensitivity, whereas paroxetine sensitivity appears normal. Together, these findings encourage further use of the SERT Met172 model to elucidate 5-HT dependent and independent contributions to the actions of antidepressants and cocaine, and may be of benefit in developing novel treatments for mood disorders that do not gain efficacy through SERT blockade. We are currently assessing gene expression changes in the Met172 mice that arise following acute and chronic antagonist administration as a probe for SERT dependent and independent actions of SSRIs and cocaine. In this regard, Bonnin and coworkers have recently used our mice to reveal a novel action of the SSRI during development that is SERT independent, but rather mediated by sigma receptors (Bonnin et al., unpublished observation) .
STRAIN-BASED GENETIC VARIATION IN MOUSE SERT AND ITS USE IN IDENTIFYING NOVEL PHENOTYPES LINKED TO 5-HT SIGNALING
The inbred and clonal nature of mouse strains in common use by neuroscientists provides an important opportunity to limit variation in experiments, and to thereby reduce the numbers of animals that must be tested to provide confidence in results. These lines, however, also present challenges, as noted previously, due to differences in physiol- ogy and behavior across strains that often require extension of studies to other strains, an effort that incurs significant time and expense. Interestingly, the genetic and functional diversity of mouse strains can also be useful in identifying the molecular underpinnings of complex traits, as well as in defining a broader molecular and physiological impact of medications. Essential to this strategy is the presence of genetic or functional variation between strains that can be exploited to identify heritable influences (Holmes et al., 2002; Lu et al., 2008) . We identified coding variation in SERT between C57BL/6J (Gly39 and Lys152ϭGK haplotype) and DBA/2J (Glu39 and Arg152ϭER haplotype) and, using heterologous expression studies, demonstrated that this sequence variation imparted significant differences in 5-HT transport capacity (Fig. 3) . These findings were particularly useful since a large panel of recombinant inbred mice, formed by breeding C57BL/6J and DBA2J parents (termed BXD lines), exists that differentially segregate millions of sequence variants as well as many biochemical and behavioral phenotypes (Taylor et al., 1977 (Taylor et al., , 1999 Peirce et al., 2004) . The dense genotyping of the BXD lines, along with the full sequencing of the parental genomes, provides the researcher with a powerful paradigm to map quantitative trait loci (QTLs) supporting functional variation (Lu et al., 2008; Gaglani et al., 2009) . Additionally, correlations can also be identified between biochemical or functional traits due to their cosegregation across BXD lines, and then their common genetic underpinnings can be pursued (Koutnikova et al., 2009; Tapocik et al., 2009 ).
The major difference between the 5-HT transport kinetics of the ER and GK SERTs was found to be in their maximal transport capacity (V max -ER has higher activity than GK) rather than the transporter's apparent affinity for 5-HT (K m ) . In vitro mutagenesis studies revealed that the contributor to this activity difference is the E/G substitution that interestingly lies near a site in the N-terminus impacting SERT regulation (see later in the text). Although BXD strains that harbor the GK haplotype have reduced 5-HT uptake than those harboring ER haplotype, brain 5-HT levels are comparable between strains. This may be expected as alterations in synthesis could readily offset changes in 5-HT reuptake as long as the alterations in 5-HT transport are not severe, as with the SERT knockout mouse (Bengel et al., 1998) . Regardless, we reasoned that differences in the ability of different strains to clear 5-HT after release could lead to changes in extracellular 5-HT levels for the same amount of nerve terminal excitation and produce altered activation of preand postsynaptic 5-HT receptors in vivo. To explore this hypothesis, we conducted multiple behavioral assays on lines differentially segregating the SERT ER and GK coding variation ). In the TST, GK expressing lines display reduced basal immobility time relative to ER lines, though both lines exhibited equivalent responses to the SSRI citalopram. We also found that GK mice spend less time in the chamber center of open field test (OFT), suggesting a greater level of anxiety in these animals that may arise from constitutively altered 5-HT clearance capacity.
The community of scientists studying the phenotypes of BXD lines has created a phenotype database (http:// www.genenetwork.org) where the quantitative levels of multiple traits for each line have been archived. By querying this database to examine traits whose levels are influenced by the SERT GK/ER haplotypes, we identified multiple traits correlating with SERT variation that were previously associated with 5-HT signaling pathways, such as body weight (Garattini et al., 1992) and ethanol consumption (Kranzler et al., 2002) . Consistent with the interactions of DA and 5-HT pathways noted earlier in this review, multiple DA-related phenotypes were also found to segregate with SERT haplotype ). Finally, and perhaps the most important use of the BXD trait database, we identified multiple, unexpected SERT-associated traits. For example, the SERT ER/GK haplotype distinguishes levels of handling-induced convulsions, cocaine-induced seizure activity, retinal area, and T cell proliferation. Additionally, we found that brain iron levels were influenced. To provide a direct test of whether SERT influences one of these traits, we examined iron levels in SERT KO mice. Indeed, we found midbrain iron levels to be significantly decreased in the KO animals vs. wild-type animals.
It is worth noting that other genes participating in 5-HT signaling harbor coding variation in the BXD parental strains. These findings indicate that the BXD recombinant inbred lines represent a rich opportunity to dissect multiple genetic interactions that influence 5-HT signaling and behavior. For example, the tryptophan hydroxylase 2 (Tph2) Arg447 allele has a twofold lower enzyme activity than Pro447 allele (Zhang et al., 2004; Kulikov et al., 2005) , and coding variation across strains has also been found in Slc18a2 gene (Vesicular Monoamine Transporter 2, VMAT2), though the direct, functional impact of this variation remains an area of investigation (Crowley et al., 2006) . Interestingly, mice with different Tph2 or Slc18a2 genotypes exhibit varied responses to SSRIs (Cervo et al., 2005; Crowley et al., 2006) . C57BL/6J mice express the high-functioning Pro447 Tph2 allele and the P117/P505 haplotype in Slc18a2 in the background of the low-capacity GK SERT haplotype, whereas DBA/2J expresses the lowfunctioning Arg447 Tph2, L117/S505 haplotype in Slc18a2 in the context of the high-capacity ER SERT haplotype. In our study, we found epistatic effects involving SERT and Tph2 in retinal ganglion cell number, cerebellar weight, cholesterol levels after high-fat diet, and adult dentate gyrus cell proliferation . The genetic variation present in these and other molecular determinants of 5-HT signaling is of great importance to our current efforts to decipher risk in neuropsychiatric disorders in man that derive from the intersection of gene and environmental variation. Further studies with the BXD lines, particularly employing 5-HT signaling manipulations (Canal et al., 2010) , may provide important clues as to how altered genomic architecture can drive risk for 5-HT linked brain disorders and under what conditions.
HUMAN SERT CODING VARIATION
As noted earlier, SERT coding variation is rare in humans. Despite this, we found that publically accessible sequence databases (e.g. dbSNP) contained multiple changes in SERT exon sequences that encoded rare SERT coding variants. We suspected that the general ignorance of these variants represented less a lack of functional impact on but rather the fact that population geneticists could not assess their impact in population studies. Therefore, we generated and expressed the 10 known SERT coding variants established and found that multiple variants exhibited a gain of 5-HT transport function. Even more remarkably, we found that multiple variants displayed a loss of sensitivity to PKG and p38 MAPK-linked signaling pathways . In a completely unrelated effort, we were establishing the impact of rare coding variation in the SERT gene in subjects with autism, identifying five coding variants that associated with high levels of rigid-compulsive traits as well as sensory aversion (Anderson, 2002; Sutcliffe et al., 2005) . We have since learned that all five of these variants (Fig. 4) , including two that were present in our parallel study of deposited SERT variants, exhibit elevated 5-HT transport activity.
Studies performed with both transfected cells and cultured lymphoblast lines from variant-carrying probands also demonstrated that multiple variants are refractory to PKG-and p38 MAPK-dependent regulation . Detailed kinetic studies indicate that I425L, F465L, and L550V variants all possess higher affinity for 5-HT as well as higher transport capacity. In comparison, the G56A and K605N variants bear a comparable V max to wild-type alleles along with an increased affinity for 5-HT. Despite this, all SERT variants display similar levels of SERT protein expression, supporting the idea that SERT coding variants bear alterations in post-translational regulation. For the variants with both higher K m and V max values, enhanced 5-HT uptake is accompanied by increased levels of surface SERT expression as measured by surface protein biotinylation ). However, the elevated SERT activity for G56A and K605N variants is not accounted for by elevated surface protein expression. Interestingly, the G56A variant is also hyperphosphorylated in transfected cells relative to wild-type SERT, and phosphorylation cannot be further enhanced by PKG activation . These findings led us to hypothesize that mechanisms sustaining reduced synaptic 5-HT availability during development could increase risk of autism traits. Moreover, the nature of the functional perturbations we identified point to regulatory networks involving the control of PKG-dependent surface trafficking and p38 MAPK-dependent catalytic function as points of focus for future studies . We suspect that altered regulation of SERT imposed by SERT gene variation altered regulation can modify the dynamic range achievable by SERT to track changes in 5-HT signaling.
An impact on SERT coding variation on brain development would not be limited to SERT-expressing neurons since 5-HT serves as a major axonal guidance molecule in the developing brain (Haydon et al., 1984; Bonnin et al., 2007) . Recently, Bonnin and coworkers identified the placenta as an unrecognized source for 5-HT during early brain development (Bonnin et al., 2011) . SERTs are also highly expressed in the placenta, and thus we must also consider whether the functional impact of SERT variants on brain development originates with malfunction in the periphery, not the brain. We recently engineered the most common of the autism-associated, gain of function SERT variants (G56A) variant into mice (Veenstra-Vanderweele et al., 2009) . Studies with this model are ongoing but we are optimistic that this model will prove suitable for a mechanistic dissection of the contribution of human SERT gene variation to physiology and behavior, as well as risk for brain disorders associated with compromised 5-HT signaling. As noted earlier, inbred strains of mice also display different SERT coding sequences, with one variant (G39E) lying close to the autism-associated variant G56A. Perhaps the different behaviors of inbred strains of mice speak more clearly as to risk for neuropsychiatric disorders than we have previously recognized, and at least some of that risk derives from differences in their 5-HT systems.
CONCLUSIONS
The study of 5-HT and its control mechanisms, to some, is understandably a well-trodden field, where surely all stones have been turned. However, to those working in the area, many issues remain unclear, and the need for new models and tools is paramount. Previously, we have described three new models that have emerged from our studies of SERT variation. The first, knock-in mice bearing an SSRI and cocaine sensitivity-disrupting mutation, has no direct parallel in human coding variation. Thus, the utility of this model lies not in an understanding of the differential responses of individuals to antidepressants or drugs of abuse, but in their use to tease apart the complex actions of these drugs, elucidating what truly is 5-HT dependent and what is not. Data from this model, now freely available to others in the community, may lead us to better ways to treat subjects with 5-HT associated disorders and/or eliminate side effects. We often assume that because some agents have been tested for decades that we fully understand their actions, not recognizing that assays do not exist for many gene products at all, and that, with chronic dosing, even highly specific reagents can build up to levels that render nonspecific targets more important, if not essential to their action.
Our other two examples of novel models for the study of 5-HT biology derive not from SERT variants engineered to track down a specific facet of transporter function, but rather from natural genetic variation whose revealed functional impact has revealed new facets of 5-HT action that were largely unknown. One is a product of the generation of mouse strains by "mouse fanciers," who sought to generate animals, as with dog breeding, with unique physical and behavioral traits. The second derives from humans with unique behavioral traits, in this case producing changes that can limit social and intellectual development and impact the lives of children and families for decades. Remarkably, both of the latter models further stimulate our interests in SERT regulation as a critical determinant of 5-HT biology. Studies in heterologous expression systems and ex vivo preparations, such as synaptosomes, have established such regulatory capacities. However, the contribution of this regulation to physiology and behavior remains largely unexplored. Thus, whether perturbed SERT regulation underlies disease risk has been limited to speculation. We believe that further study of recombinant inbred lines bearing SERT, TPH2, and VMAT2 regulation can elucidate molecular and physiological relationships heretofore unsuspected. Finally, we feel that the study of disease-associated natural variation in human SERT using engineered mouse models will identify actions of 5-HT that we would be unable to detect in human studies. In so doing, we suspect that we will learn how limited our understanding of 5-HT actions has been.
